4. The eye-movement signal could be a copy of the smooth-pursuit command sent to the heading computation site, or a proprioceptive signal from the eye muscles and the periorbital tissue. 5. H. Saito et a/.,J. Neurosci. 6, 145 ( I986). 6. M. S. Graziano,R. A. Andersen, R a n o w d e n ,;bid. 14, 54 (1994 .. 10 . C. J. Duffy ahd R. H.Wurtz, J. Neurosci. 15, 5192 (1995). 11. The monkey was seated in a chair with its head fixed, facing a 100" by 100" projection screen. After maintaining fixation within a 5" by 5" window for the required time (3 s), the monkey was rewarded with a drop of water. Eye position was monitored with a sceral search coil [S. J. Judge et a/., Vision Res. 20, 535 (1980) l. A procedures with animals were approved by the Caltech Institutional Animal Care and Use Committee. 12. Expanding random dot fields were generated by simulating the approach to a wall at 38 cm/s at a distance of 57 cm. This condition generated a radial speed of 15.7" per second at an eccentricity of 30" from the focus. Dot lifetimes were 300 ms (to limit acceleration cue's), after which they were renewed at random locations. The stimulus was 50" by 50" square and contained 77 dots. The focus position was varied in 10" steps from -40" to 40" along an axis parallel to the neuron's preferred pursuit direction (distances are relative to the center of the stimulus, which was approximateiy centered in the neuron's spatial receptive field). For the 230" and r 4 0 " focus positions, the focus was situated outside the visible stimulus. We generated the stimulus for the simulated eye movements by moving the entire stimulus on the screen (by computer computation of the dot positions): this is equivalent to adding a constant-velocity component to each point in the flow field, which shifts the focus and causes the stimulus borders to move across the screen. The room was completely dark except for the stimulus. 13. Before studying a neuron's focus tuning, we determined its preferred pursuit direction by having the monkey follow a point moving at 0", 45", 90", and so on, up to 315". The direction eliciting the strongest response was taken as the preferred direction; the opposite direction was designated antipreferred. 14. Single neurons were monitored extracellularly with varnish-coated tungsten microelectrodes advanced dorsoventrally through the dura and into area MSTd, which was identified on the basis of receptive field size (most were ~5 0 " wide and crossed over the vertical meridian), flow preference (for example, expansion and rotation), position invariance, and modulation during smooth pursuit. Spike times were stored on a personal computer for subsequent analysis. All data are expressed as the mean firing rate during the middle 500 ms of a I-s stimulus-presentation period. Results are based on a sample of 139 neurons from one hemisphere. These results are corroborated by recent data from a second animal (n = 18; K. S. Shenoy, D. C. Bradley,R. A. Andersen, Soc. Neurosci.Abstr., in press). 15 . In practice, all stimuli were presented in pseudorandom order. 16. "Screen coordinates" is an operational term. Because the monkey's eyes and head were in a constant position (except for the small eye displacement during pursuit), we cannot tell whether MSTd cells code for heading in eye, head, body, or world coordinates. Our results imply simply that these neurons account for eye movement, the first step necessary for computing the heading. 17 . If wearbitrarily define retinal cells as shifting by 2 0°,  l o " , or On, intermediate cells by 10" or 20°, and  heading cells by 30°, 40°, or 50", the percentages of  the different cell types are about 42%, 31%, and  27% , respectively, where the shift estimate was based on maximum cross-correlation between the fixed-and moving-eye curves. Ophthaimoi. Vis. Sci. 37, S454 (1996). 24. Heading cell receptive fields also showed gain changes. In fitting our model (Fig. 4) to the heading cell data, these gain changes were taken into account, along with the receptive field shifts. t is uncertain whether these gain changes encode information about the heading: it is possible that they simply average to zero. 25. Sine functions were used because different parts of a sine function can approximate either a gaussian or a sigmoid function. Each sine function was characterized by amplitude, frequency, and phase, as w e as by two "gain" parameters that were applied in the pursuit condition (one gain for each pursuit direction or Helix-RNA Major Groove Recognition in an HIV-I Rev Peptide-RRE RNA Complex
The solution structure of a human immunodeficiency virus type-1 (HIV-1) Rev peptide bound to stem-loop IIB of the Rev response element (RRE) RNA was solved by nuclear magnetic resonance spectroscopy. The Rev peptide has an a-helical conformation and binds in the major groove of the RNA near a purine-rich internal loop. Several arginine side chains make base-specific contacts, and an asparagine residue contacts a G.A base pair. The phosphate backbone adjacent to a G-Gbase pair adopts an unusual structure that allows the peptide to access a widened major groove. The structure formed by the two purine-purine base pairs of the RRE creates a distinctive binding pocket that the peptide can use for specific recognition. (Fig. 1A) (2) . Short a-helical peptides corresponding to the arginine-rich RNA-binding domain of Rev (Fig. 1B) bind specifically to this small RNA element ( 3 ) ,providing a good model system for structural analysis of the interaction by nuclear magnetic resonance (NMR) spectroscopy. A SCIENCE VOL.273 13 SEPTEMBER 1996 1547 structural understanding of the detailed interactions in this complex may assist in the design of therapeutics that inhibit this essential HIV-1 interaction. For NMR analysis of the Rev peptide-RRE complex, the peptide was uniformly labeled with 13Cand 15Nby expression as a fusion protein in Escherichia coli (4, 5) and assigned by means of triple-resonance NMR experiments (6). For complete assignment of the crowded arginine side chain resonances, an experiment was required to correlate all of the side chain carbons and protons to the &-protonresonances, which are well resolved in the Rev-RRE complex (Fig. 2, A t o C ) . Assignment and modeling of the bound RNA conformation using a n unlabeled synthetic peptide have been described (7). T o further refine the RNA structure, we obtained additional nuclear Overhauser effects (NOEs) from NMR experiments with 13C-and 15N-labeled RNA (8) . Isotopically filtered NOE spectroscopy experiments were acquired on complexes with 13C,15N-labeled peptide (6) or 13C-labeled RNA (8) to identify intermolecular NOEs. Three-dimensional models of the Rev-RRE complex were generated by using a hybrid distance geometry-stimulated annealing approach (9) with NMR-derived distance and dihedral restraints (10) . Nineteen low-energy structures were obtained (Table I ) , and a superposition of the coordinates (Fig. 2D) shows that the entire RNA-peptide complex is well ordered.
The Rev peptide binds the major groove of the RNA in an a-helical conformation, as indicated by previous circular dichroism studies (3, 1 1 ) . DNA-binding proteins often use a helices to recognize specific bases in the major groove (12) . However, the major groove of an A-form R N A helix is deep and too narrow to accommodate an a helix, thus requiring non-Watson-Crick interactions to widen the groove (13) . In the Rev-RRE complex, two purine-purine base pairs locally open the major groove, a process which appears to be facilitated by a pronounced distortion of the RNA backbone that results primarily from formation of the G48eG71 base pair in a locally parallel-stranded orientation (7). This distortion results in an S-shaped architecture to the backbone from nucleotides G70 to A73, an undertwisting of the base pairs in the (Fig. 3 ) (14) . The G.G base pair is important for Rev binding (15, 16 )-vet it is not in direct contact with the , , , peptide through hydrogen bonds, suggesting that it provides a critical structural feature for specific binding.
The Rev a helix penetrates much more deeply into the major groove than is typical of DNA-binding proteins. In contrast to the shallow major groove of a B-form DNA helix, the RRE internal loop retains the characteristic deep groove of A-form RNA, and the Rev peptide must bind deep within the groove to allow side chains to reach the bases. A comparison of the positioning of Rev and GCN4 a helices in the major groove (Fig. 2) reveals that the Rev helix is situated -3 A deeper than the GCN4 helix, which is representative of most DNA-binding recognition helices. In addition to binding deep within the groove, the Rev peptide 
A
of RNA derived from stem-loop llB of wild-type RRE (29) . Boxed nucleotides were invar~antin RNA selection stud~es of the Rev-RRE interaction ¶The "core" of the complex IS defined as heavy atoms n RNA nucleotides 44 to 53, 85 to 76, and peptide backbone atoms n amino acds 33 to 50.
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has an extensive interface with the RNA, interacting over three to four turns of the a helix. Four amino acids make important basespecific contacts in the major groove (Fig.  4) . The residues and interact with nucleotides U66, G67, and G70 on one side of the groove, and Asn40 and Arg44 interact with nucleotides U45, G46, G47, and A73 on the opposite side of the groove. Almost all of these nucleotides were invariant in in vitro selection experiments (1 5) or showed chemical modification interference of Rev binding (1 6-1 8) . These important nucleotides all have functional groups within reasonable hydrogen-bonding distance of these four amino acids; however, the precision of the side chain positions is insufficient to determine exact hydrogen bond arrangements for these contacts. Nevertheless, Asn40 is clearly coplanar with the purine-purine G47sA73 base pair and makes hydrogen bonds to groups in the major moove. All four of the amino acids that u make potential base-specific contacts are critical for peptide-binding specificity (3), and mutation of any of these three arginines to lysine results in a significant loss of binding activity in vivo, suggesting the existence of hydrogen bonds rather than simple electrostatic contacts (I 1 ).
Aa. 2. NMR smtra for ar-A
In addition to the base-specific interactions, ThS4 and several arginines contact the phosphate backbone. In the average structure, the y-OH of Th?4 is a potential hydrogen bond donor to a phosphodiester oxygen of G47 (Fig. 4A) . Mutation of Th?4 results in a >lo-fold decrease in binding specificity, and chemical modification of the G47 phosphate reduces binding specificity (3, 17, 18) . Interestingly, ThS4 is also .
forming an "N-cap" structure at its NH2-terminus that presumably stabilizes the a helix (19) . NOES and carbon chemical shifts typical of an N-cap (20) were observed for ThS4, and in the average structure, the Oy of Th?4 is a potential hydro-.
gen bond acceptor for the backbone NH of Ala37 (Fig. 4A) . The residue ThS4 is unique in the Rev peptide in that its side chain appears to make both peptide-peptide and RNA-peptide interactions. In addition to Thr, there are six arginines Arg4', Arg42, Arg43, Arg46, and Arg48) that are positioned to make either hydrogen-bonding or simple electrostatic interactions with the phosphate backbone Fig. 3 . RNA major groove width and depth, (Fig. 4B) . Arginine-38 is positioned near the Views down the a helix axis of Rev (blue) and phosphates U66 and G67, which both GCN4 (green) (30) with the major grooves of the give chemical modification interference (17, RNA (or DNA) aligned with a standard A-form 18) , and it is likely that makes bridg-RNA duplex (red). The G48eG71 base pair is ing hydrogen bonds between the two q-ni-highlighted in yellow. trogens and the phosphodiester oxygens of U66 and G67, because it cannot be functionally substituted by lysine (I 1 ). Arginine-38 and ThP4 make phosphate contacts flanking the region of the base-specific contacts and probably stabilize this region of the peptide. An especially arginine-rich face of the a helix makes phosphate contacts on the 3' side of the hairpin containing two single-nucleotide bulges, which brings many phosphates in close proximity (Fig. 4B) . In particular, Arg46 probably stabilizes the unfavorable electrostatic interactions near the U72 bulge, where the phosphorus atoms of G70 and U72 are -4 A apart.
Mutation of Arg46 to alanine, but not to lysine, results in a sevenfold decrease in binding specificity, consistent with a specific electrostatic contact (1 1). In addition, Arg46, Arg48, and Arg50 at the COOH-terminus of the peptide, which mutational data suggest are moderately important for specific binding (3), are making phosphate and van der Waals contacts that may help orient the isolated a helix in the groove. The arginine-rich motif (ARM) is defined solely by a short region containing a high density of arginines. There are now two structural examples of short ARM peptides bound to RNA, bovine immunodeficiency virus Tat-TAR (trans-acting region) (21 ) and HIV-1 Rev-RRE, and each peptide adopts a different secondary structure (p hairpin and ct helix, respectively). Therefore, the ARM does not represent a unique structural motif (10, 22) . Despite the differences, both peptides bind deeply in the major groove, and the high density of arginines characteristic of the ARM may be important for charge neutralization as the peptide penetrates the deep groove and forms a large interface. This feature probably also allows these 10: to 20-amino acid ARM peptides to bind as structurally independent elements, which is another characteristic feature of the ARM. The distinctive RNA structures formed by the binding sites undoubtedly also contribute to the folding and binding of these small ARM peptides.
Recognition of distinctive structural features of RNA has been observed in most studies of RNA-protein complexes. For example, tRNA synthetases recognize the Lshape of tRNA, and tRNASer is also recognized in part by its long variable arm extension (23) . In HIV-1 TAR, a base triple is proposed to be an integral part of the binding site for arginine, but it does not hydrogen bond to the arginine (24) . In the RRE, the G484371 base pair is structurally important to widen the major groove but does not directly contact the peptide. Overall, the structure surrounding the two purine-purine base pairs may provide a deep binding pocket and a distinctive shape to the major groove that the peptide can use for specific recognition. It is remarkable that RNA elements as small as TAR and RRE can provide such specific three-dimensional frameworks for protein binding, and the Rev-RRE complex once again highlights the importance of RNA structure for protein recognition.
lntegrin function is central to inflammation, immunity, and tumor progression. The urokinase-type plasminogen activator receptor (uPAR)and integrins formed stable complexes that both inhibited native integrin adhesive function and promoted adhesion to vitronectin via a ligand binding site on uPAR. Interaction of soluble uPAR with the active conformer of integrins mimicked the inhibitory effects of membrane uPAR. Both uPAR-mediated adhesion and altered integrin function were blocked by a peptide that bound to uPAR and disrupted complexes. These data provide a paradigm for regulation of integrins in which a nonintegrin membrane receptor interacts with and modifies the function of activated integrins.
Receptors of the integrin family mediate adhesion of cells to extracellular matrices as well as intercellular interactions, and modulate transduction of regulatory signals that are central to inflammation, immunity, hemostasis, and tumor progression. In mediating these functions, integrin receptors undergo regulated and reversible activation as a result of ligand binding or cellular stimulation by chemoattractants (1 ) . Activation is characterized by conformational changes in the integrin extracellular domains, reorganization of intracytoplasmic connections, and redistribution of integrins on the cell surface, which together augment integrin avidity for ligands (2) . Dynamic is known about functionally important interactions of integrins with other membrane proteins that might regulate t h~s process. We have now identified a pathway of interaction between activated integrins and a nonintegrin receptor that regulates integrin function.
The urokinase receptor (uPAR) is a glycosyl-phosphatidylinositol (GP1)-linked cell surface orotein that is ex~ressedin many cell types and is spatially and temporallv associated with cellular structures that regidate cell adhesion, migration, and invasion ( 3 ) . Previouslv, we have shown that link between uPAR and the cytoskeleton SCIENCE VOL.273
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